The aim of this study was to find the factors explaining the probability of success of in-vitro fertilization (IVF)-embryo transfer and its different stages: stimulation, fertilization and implantation. The sample came from a retrospective cohort followed in the IVF-embryo transfer centre of the Centre Hospitalier Universitaire of Pellegrin, Bordeaux, France; the data from 471 couples giving rise to 923 IVF-embryo transfer cycles were recorded. Four logistic regression models were specified for global process, stimulation, fertilization and implantation stages. Random effect models were used for taking into account the correla- 
Introduction
The probability of ongoing pregnancy after in-vitro fertilization (IVF)-embryo transfer is modified by different factors which may be characteristic of the couple and of treatments. It is useful to know these factors and quantify their effect, in order 78 © European Society for Human Reproduction and Embryology to make better application of IVF-embryo transfer and possibly to improve the treatment protocols. However, IVF-embryo transfer can be divided into several stages (stimulation, fertilization and implantation), and each of these stages has a probability of success which may depend on specific factors. Birth of a baby in the event of ongoing pregnancy is a fourth stage that we do not study here: studying specific pregnancy pathologies, number of babies and health of the babies is outside the scope of this paper.
The factors related to ongoing pregnancy have been studied for large series in only a few papers. Tan et al. (1994) studied the effect of protocols. Templeton et al. (1996) published a large study using logistic regression. They found an effect of age, duration of infertility, number of previous unsuccessful attempts, indication (tubal) and previous pregnancies. Stolwijk et al. (1996) found that age and previous gestation were prognostic factors of ongoing pregnancy and they also developed a model for pregnancy after implantation and included in the model the number and quality of the embryos. Until now, no study has analysed the three main stages separately and made the link with the global process: this is the aim of this work.
We have studied 923 IVF-embryo transfer cycles done in the Centre Hospitalier Universitaire of Bordeaux Pellegrin, France, in the hope of identifying the most important explanatory factors of success. We have modelled the global IVFembryo transfer process and the three main stages using logistic regression; since women could experience several IVF-embryo transfer cycles we took into account that each woman had a specific probability of success by using random effects models.
Materials and methods

Study sample
We considered consecutive IVF-embryo transfer cycles done between January 1990 and December 1995 at the CHU of Pellegrin. Only couples with sperm characteristics fulfilling the following criteria were included: number of spermatozoa Ͼ20ϫ10 6 /ml and at least 20% motile, or with donor spermatozoa. We excluded women with hyperandrogenism, uterine malformation and diethylstilboestrol syndrome. For women aged ജ40 years, only those with a normal ovarian reserve test were treated. Only cycles in which oocyte retrieval was undertaken were retained. Implantations of cryopreserved embryos as well as embryos from donation of oocytes were excluded. Finally, the sample was constituted of 923 IVF-embryo transfer cycles undertaken by 471 couples.
Treatment
Ovarian stimulation All patients were stimulated using a combination of a gonadotrophinreleasing hormone (GnRH) agonist (buserelin; Hoechst, Paris, France or triptorelin; IPSEN-Biotech, Paris, France) and gonadotrophins (HMG; Organon, St. Denis, France and Serono, Boulogne, France). All patients treated at given periods of time received the same protocol independently of their indication. Three protocols for ovulation induction were given: short protocol with flare-up (injection of GnRH agonist on day 1), luteal protocol with down-regulation (injection of GnRH agonist in luteal phase) and long protocol with down-regulation during 15 days (GnRH agonist from day 1 of the cycle by s.c. or delay i.m. injection). HCG was administered when the largest follicle reached a diameter of 18 mm; 10 000 IU was administered and oocyte retrieval was performed 36 h later using vaginal ultrasonography. The luteal phase was supported by using three doses of HCG of 1500 IU and progesterone supplementation (intravaginal retroprogesterone) from the day of retrieval and continued until pregnancy status was known.
In-vitro fertilization
Over the 5 years of the study, the laboratory protocols did not change for conventional IVF (they changed only for the male infertility cases which were excluded from the sample). Each cumulus-oocyte complex recovered was inseminated in B2 Ménézo medium (CCD-France, Paris, France) with 50 000 spermatozoa selected by either swim-up or the Percoll gradient centrifugation technique. Sixteen to 20 h after insemination, fertilization was checked by confirming the presence of two pronuclei. Before replacement, embryo quality was assessed [by the same person (A.P.) over the 5 years] under an inverted light microscope equipped with Nomarski optics (Nikon Diaphot, Tokyo, Japan) at ϫ200 magnification. Embryos were classified according to two characteristics of their morphology: the form of the blastomeres (C criterion) and the percentage of fragments (D criterion): C1 for equally sized blastomeres, C0 for unequal sized blastomeres, D1 for Ͻ10% fragments, D2 for Ͼ10 and Ͻ50% fragmentation, D3 Ͼ50% fragmentation. Embryos with the best morphology and the most advanced stage of development were selected for transfer.
Embryo transfer
Uterine transfer of embryos was performed 2 or 3 days after oocyte retrieval with a maximum of three embryos; excess embryos were cryopreserved.
Recorded variables
Variables available at onset of the cycle These comprised rank of the attempt, age, sterility type (absolute tubal including sterilization, relative tubal, unexplained, endometriosis, cervical, donor sperm IVF-embryo transfer done after failed donor insemination, multifactorial), previous IVF-embryo transfer livebirth, previous IVF-embryo transfer ongoing pregnancy not resulting in livebirth, type of stimulation protocol (short, down-regulation beginning in luteal phase, long down-regulation), number of days of downregulation, number of days of stimulation, total number of ampoules of HMG and number of ampoules per day. Note that the variables relating to the stimulation were not completely determined at the onset of the cycle; however, they were available before oocyte retrieval. This set of variables was used for the global process, for the stimulation model and for the fertilization model (see statistical analysis).
Variables available after fertilization
These were number of embryos; for each embryo, criteria C and D and number of cells.
Outcome variables
These were number of oocytes; number of embryos; ongoing pregnancy (defined as a pregnancy which continued Ͼ12 weeks after transfer).
Statistical analysis
We have modelled the global IVF-embryo transfer process and in addition, we have modelled the three main stages of IVF-embryo transfer: stimulation, fertilization, implantation. For all models, we considered binary outcome variables which enabled us to use logistic regression models. These variables were: for the global process: ongoing pregnancy at 3 months; for the stimulation: getting at least one oocyte; for implantation: ongoing pregnancy. For the fertilization stage, a special model was developed in which the statistical unit was the oocyte, so the binary outcome was fertilization. For such an analysis, we had to take into account the correlation of the observations: the oocytes of different women may have different probabilities of being fertilized. This problem of correlated data was encountered because some women had several IVF-embryo transfer attempts and we had to consider that the outcomes for a given woman were correlated. For treating the problem of correlated binary outcomes, we used a logistic model with random intercept (Stiratelli et al., 1984; Commenges et al., 1995) . This random intercept allowed the different women to have different baseline probabilities of success; note that the heterogeneity of this baseline probability explained the apparent effect of the rank of the attempt which is often reported. Indeed the most natural model is that each woman has her own basic probability of success which does not depend on the rank of the cycle. However women observed for high cycle rank are a selected sample with low probability of success on average, since these women had failed in the previous cycles. This has been discussed by Hershlag et al. (1991) . We have verified that a model with random baseline probability (intercept) was slightly better than a model including the rank of the attempt.
Note that the possible explanatory variables for the different stages were not the same: for instance the number and quality of the embryos are important variables for the implantation stage but were not available for the previous stages (see description of the variables above); the relevant samples also were different: for instance, only women who have succeeded to the stimulation stage could be considered for the fertilization stage. For each of the four models, we had potential explanatory variables and we chose the best model (using a downward strategy) according to the criterion of Akaike (1974) .
We had to use some recoding for some variables: we tried to include age either as a continuous or a binary variable (trying several cut-off points); we had a special problem for coding embryos because both number of embryos and quality of each embryo are important. After some trials we concluded that to obtain a parsimonious model, we had to define a binary criterion of quality. Our first trial showed that the number of cells of the embryos was not a highly predictive variable. Finally, we considered two possible criteria of quality: criterion 1: 'good' embryos presented criteria C1 and D1; criterion 2: 'good' embryos presented criteria C1 or D1. The model we propose has four parameters: we give a weight (in terms of odds ratio) OR 1 for the first good quality embryo, OR 2 for the second, OR 3 for the third; we give a weight OR 4 for each embryo of bad quality. We present the results in Table VII as odds relative to the category which had the lowest probability of success, i.e. for one bad embryo: for instance the odds of two good embryos relative to one bad embryo was OR 1 ϫOR 2 /OR 4; that of one good and one bad embryo was OR 1 ϫOR 4 /OR 4 ϭ OR 1 . With the values of the OR given in Table VI , we find: OR(two good versus one bad) ϭ 6.87ϫ2.04/1.77 ϭ 7.92, while OR(one good and one bad versus one bad) ϭ 6.87.
The results have been given in terms of odd-ratios (OR), which is the measure of effects given immediately by the logistic regression; since this was a cohort study, we could also compute absolute probabilities and then compute relative probabilities or relative risks (RR) by the ratio of probabilities of success. For instance, we have computed in Table III the probabilities of success for different profiles of covariates, e.g. nos 4 and 8. Using these probabilities, we could compute relative risk of, for example, 'age ജ38' for the values of the covariates: 'donor sperm': 0; 'previous success to IVF': 0; 'number of ampoules': 21. We found RR ϭ 11.4/31.6 ϭ 0.36, as compared to OR ϭ 0.28 (Table II) . There was here an additional difficulty due to using a random effect model: the probability could easily be computed for an average woman, but in fact for given explanatory variables the probability was random, which was due to the fact that we could not explain all the variations of these probabilities. We could give the marginal probability of success (or an approximation of it by taking the probability obtained for the mean value of the random effect) or in a more complicated way, describe the distribution of the probabilities for given explanatory variables. Such computations could also be done conditionally on past results; for instance, conditionally on k previous failures the mean probability of success would be lower than that predicted for a first attempt. However, such predictions are not easy to apply and we have given here only the mean (unconditional) probabilities for given values of covariates.
Results
Descriptive results
The 923 IVF-embryo transfer cycles resulted in 135 (14.6%) ongoing pregnancies. In 882 cases, there was at least one oocyte and in 752 cases, there was at least one embryo. Table I summarizes the results. There was an association between ongoing pregnancy and the rank of the attempt; as explained above, this was due to a selection process, since higher ranks were those who had failed in previous IVF-embryo transfer cycles and thus had a bad prognosis. From a graphical analysis not shown here, there seemed to be a threshold effect of age: women aged ജ38 years had a lower probability of success. Women who attempted IVF-embryo transfer with a sperm donor had a higher rate of success.
Model for the global process
We modelled the probability of ongoing pregnancy for a woman before oocyte retrieval. The best model included the following variables: age ജ38 years (OR ϭ 0.28), failed sperm donor insemination (OR ϭ 2.4), total number of ampoules (OR ϭ 0.98) and previous IVF-embryo transfer livebirth (OR ϭ 2.12) (see Table II ). The OR for the number of ampoules was for one ampoule, so that it was possible to compute the OR for a difference of 10 ampoules by 0.98 10 ϭ 0.82. We also computed absolute probabilities for different profiles of women (Table III) . The probabilities of success varied sharply according to the values of the three explanatory variables.
Model for ovarian stimulation
We modelled the probability of having at least one oocyte. We found that older women had a lower probability (age ജ35 years: OR ϭ 0.38); the two other variables which were retained in the model pertained to the treatment: a duration of the treatment with HMG Ͼ13 days strongly decreased the probability (OR ϭ 0.20) while the total number of ampoules increased it, but not significantly (see Table IV ). 
Model for fertilization
We modelled the probability that one oocyte became an embryo, taking into account the correlation of the outcomes of the oocytes of a given woman. We had 5343 oocytes and among them, 3016 (56%) were successfully fertilized. However, the explanatory variables pertained to the woman from whom the oocytes originated. The best model (Table V) included fetal loss during the third trimester of a previous IVF-embryo transfer gestation (OR ϭ 0.39), absolute tubal infertility indication (OR ϭ 1.38) and the number of ampoules per day (OR ϭ 0.85) (for instance, the OR for six ampoules per day relative to two ampoules per day is 0.85 4 ϭ 0.52).
Model for implantation
We modelled the probability of ongoing pregnancy after embryo transfer. The results of the model are given in Table VI . Older women had a lower probability of ongoing pregnancy (age ജ38 years: OR ϭ 0.34), donor sperm IVF-embryo transfer had a higher probability of success (OR ϭ 4.58), while the number of ampoules of HMG had a negative effect (OR ϭ 0.98 for one ampoule, or 0.82 for 10 ampoules). The best criterion of quality of embryos was criterion 2, i.e. an embryo was classified as 'good' if it fitted either criterion C1 or D1, otherwise it was classified as 'bad'. In Table VI , it was noted that the weight for the first good embryo was very large (OR 1 ϭ 6.87) relative to the weight for a bad embryo (OR 4 ϭ 1.77). From this model, we deduced the odds ratios of all the different configurations of one to three embryos, relative to the situation where there was one bad embryo (Table VII) . The probability of ongoing pregnancy depended highly on both number and quality of the embryos.
Discussion
We have found that women aged ജ38 years had a lower probability of success in the IVF-embryo transfer process: this came from the fact that older women had a lower probability of having oocytes and a lower probability of implantation of embryos. Donor sperm IVF-embryo transfer had a good prognosis, resulting from the higher probability of implantation of embryos in these cases. A large number of ampoules was a bad prognosis: while a large number of ampoules slightly increased the probability of getting oocytes, it decreased the probability both of fertilization of these oocytes and implantation of the resulting embryos. The protocols did not appear directly in the models, but they were indirectly involved because they differed in the number of ampoules. It should be noted that implantation is the most important stage in that the rate of success is the lowest. We have defined 'good' and 'bad' embryos; the probability of implantation is greatly increased in the presence of at least one good embryo and by a large number of embryos. A feature of our study is that we used a random effect model, which takes into account the correlation of the outcomes of several attempts for one woman, so that we do not need to include the rank of the attempt as an explanatory variable. Still, our models are not completely satisfactory, especially for the implantation process, because we simplify the response variable by considering ongoing pregnancy (that is at least one embryo implanted) rather than the number of embryos. Specific models have been proposed by Speirs et al. (1983) and further developed to include explanatory variables by Baeten et al. (1993) ; however, these models do not take account of the unexplainable heterogeneity between women nor of the possibly explainable heterogeneity between embryos. Templeton et al. (1996) modelled the effect of age by a nonlinear continuous curve which showed only slight decrease of the probability of success until age 35 years, followed by a sharp decrease after 35 years; Stolwijk et al. (1996) found a simple linear effect. Thus all studies agree on a deleterious effect of age; our results are more in agreement with Templeton et al. (1996) in that the effect does not seem to be linear. Templeton et al. (1996) found that the tubal infertility indication had a bad prognosis; however, the effect was small (OR ϭ 0.93). We found a decreased probability for sterilized women (included in tubal) so that the effect of the tubal indication might depend on the proportion of sterilized women in the sample. Templeton et al. (1996) had excluded the IVF-embryo transfer with donor spermatozoa, and thus could not assess the probability of this category. The deleterious effect of high dosages of gonadotrophins was suggested by Stadtmauer et al. (1994) . Our results are in agreement with this possibility, although it is difficult to know whether the number of ampoules is simply an indicator of a poor procreation potential or if it has a direct biological effect. For instance Simon et al. (1995) , excluding poor responders, did not find a detrimental effect of high doses of gonadotrophin. Duration of infertility was considered by some authors (Templeton et al., 1996) ; we did not consider this variable because it is difficult to assess precisely and it is linked to the type of sterility.
Global process
Implantation process
Age has been found (van Kooij et al., 1996) to have a deleterious effect, with a steeper slope after 37 years; our results are globally in agreement with this finding as opposed to the results of Stolwijk et al. (1996) , who did not find any effect of age in their model of ongoing pregancy per transfer. There are only a few studies on the effect of the number of ampoules on implantation: a detrimental effect has been suggested by Bertrand et al. (1996) in relation to the zona pellucida thickness (see below). van Kooijk et al. (1996) found that tubal infertility indication had a bad prognosis for implantation; we did not find this result but rather that donor sperm IVF-embryo transfer had a better prognosis. This category was mixed in their analysis in 'rest of group', which appeared in effect to have the best prognosis (although not significantly different from idiopathic). As for the quality of embryos, Erenus et al. (1991) proposed three grades and showed that quality played a role in the probability of success of implantation. Stolwijk et al. (1996) developed a model for implantation in which both the number of embryos and the number of good embryos were significant; the effect of each additional embryo was lower than in our results, probably because they included in the model the number of fertilized oocytes. van Kooijk et al. (1996) used a five-level grade scale based on the criteria C and D (see above); our 'good' embryos corresponded approximately to their grade ജ3. They modelled the implantation rate (number of gestational sacs divided by number of embryos transferred) and they used as explanatory variable the mean quality of the embryos with a linear effect; the number of embryos does not appear in the adjusted model, 82 which is expected, since their outcome is the implantation rate, not the pregnancy. Our results are not directly comparable; however, qualitatively, they are in agreement in that both number and quality of embryos play a role in the probability of a pregnancy. Our results give a particular importance to having at least one good embryo, which has not been studied previously.
Fertilization
We have developed an original model for the probability of oocytes to be fertilized. There have been only a few studies on this subject. The striking feature is that age does not influence the probability of fertilization, in agreement with Padilla et al. (1996) . A possibly important result is that a high number of ampoules per day decreases the probability of fertilization. It is, of course, difficult to decide whether this is an indicator of poor ovarian function or whether there is a causal mechanism relating high dosages of HMG to a decrease in the potential of the oocytes to be fertilized. Such a causal mechanism was suggested by Bertrand et al. (1996) , who found that high dosages of HMG could increase the zona pellucida thickness, and also that oocytes with thick zona pellucida had a lower potential to be fertilized. It has also been suggested that zona pellucida thickness plays an important role in the embryo implantation process (Cohen et al., 1992) . The poor prognosis of previous IVF-embryo transfer ongoing pregnancy with fetal loss at the third trimester is difficult to explain. The relatively good prognosis of absolute tubal infertility indications (OR ϭ 1.38) raises the question of ovulatory dysfunction in the other indications of IVFembryo transfer.
Stimulation
We have found a lower cut-off point (35 years) than for the global process; the other significant factor was the number of days of treatment: if the number of days is larger than 13 days, the probability of having an oocyte is lower. This might be interpreted as an indicator of poor responders, i.e. some women are poor responders, so the treatment has to last more than 13 days to reach a satisfactory oestradiol level, and in these women the probability of retrieving at least one oocyte is lower than in other women. However, the work of AbuHeija et al. (1995) suggests that the longest (mean duration: 14.5 days) follicular stimulation treatments result in lower numbers of oocytes and embryos than shorter (mean duration: 12.8) treatments.
In conclusion, we have attempted to make a global as well as a stage-by-stage analysis of the IVF-embryo transfer process. This modelling process helps us to understand why some factors modify the prognosis of IVF-embryo transfer, by specifying the role of these factors at each stage; it also underlines the prominent role of the implantation process, which results from the relatively low success rate at this stage compared to the other stages. Further work should study in more detail the influences on embryo quality and endometrial function, the major factors in the implantation process.
